Both the refolding kinetics and unfolding kinetics of ribonuclease A have been measured at the same final conditions, as a function of temperature at pH 3.9, by stopped-flow (pH-jump) experiments; absorbance changes at 240 and 286.5 nm were measured. Refolding follows first-order kinetics in the upper two-thirds of the thermal transition zone. Under the same conditions, the unfolding kinetics are biphasic; the terminal phase has the same rate constant as refolding. The In this article, we consider whether the fast reactions might involve incorrectly refolded intermediates not on the direct pathway of refolding (12), and we also present some basic properties of the refolding and unfolding reactions of RNase A. As in the study of cytochrome c by Ikai and Tanford (12), we compare the kinetics of refolding (pH 2.0 -) 3.9) and unfolding (pH 7.0 -> 3.9) at the same final conditions. Reversibility is complete at acidic pH values (less than 4) under all conditions used. Reversibility is good at neutral pH, as checked by the method shown in Fig. lb , provided long exposure of the solutions to high temperatures is avoided. Fig.  la shows the transition curve for thermal unfolding at pH 3.9, measured at 240 nm and at 286.5 nm.
Fast reactions involving intermediate states have been observed in the thermal unfolding of bovine pancreatic RNase A (disulfide bonds intact) and also of bovine pancreatic chymotrypsinogen A at low pH (1, 2) . Equilibrium measurements of these same unfolding reactions at low pH have failed to detect intermediate states (3) (4) (5) (6) (7) . However, fast kinetic methods are predicted to be especially sensitive to the presence of intermediates if unfolding is sequential (8) . Specifically, the kinetics of sequential unfolding are predicted to be biphasic if the reaction is cooperative: the fast phase is a transient phase in which the concentrations of intermediates are adjusted rapidly, and the slow phase is an almost steadystate phase of unfolding across the entire sequence of steps.
Especially in view of the failure to find intermediates by equilibrium measurements (3) (4) (5) (6) (7) , it is necessary to consider carefully whether the observed fast reactions necessarily involve intermediates in unfolding. Evidence that the fast phase does involve intermediates comes from a parallel study of native and thermally unfolded RNase A: the fast changes are not seen in jumps that end below or begin above the transition zone for thermal unfolding (1) . Since the absorbance changes at 286.5 nm may involve the exposure to solvent of more than one buried tyrosine group in RNase A (9, 10) (Tables 1 and 2 ). In refolding, the rate of the fast phase shows an anomalous dependence on temperature, unlike that observed for unfolding (Tables 1 and 2 Fig. 3) . (e) The rapid increase in (72/Tl) above Tm-the temperature midpoint of the transition curve for thermal unfolding-is also characteristic of the cooperative sequential model (see ref. 13 and the legend to Fig. 3 ).
These observations apparently confirm two basic postulates used in construction of the cooperative sequential model (8): (a) the rate of refolding is limited by an initial slow step (nucleation), and (b) unfolding proceeds via a series of fast steps before the rate-limiting step is reached. Nucleation in refolding was proposed originally (8) for two reasons: (i) it provides the necessary cooperativity of the unfolding transition, and (ii) the small activation enthalpy for refolding at Tm suggests that an entropic barrier limits the rate of refolding. A series of fast steps in unfolding was proposed (8) Tables 1 and 2 ). However, we think it likely that a more general model is required to give a realistic description of the kinetics, and we regard the the particular model given in Fig. 3 in the model, the heat of unfolding is treated as a constant, independent of temperature. (d) The cooperative sequential model fails to account for one feature of the kinetics (8, 11, 15) : the existence of a "mid-range" kinetic phase observed at low temperatures of unfolding and refolding. [The mid-range phase is an order of magnitude faster than the terminal phase. In refolding it becomes significant only at temperatures well below the transition zone (Table 2) , and in unfolding its relative amplitude is always less than 20% of the total, decreasing to O by Tm (8) . ]
Even if the kinetic model warranted numerical fitting, we lack precise knowledge of other necessary parameters. In particular, it is not certain how the contributions from noncooperative processes should be separated from the calorimetrically measured value of AH for unfolding (6, 7, 16) . Also, there are serious uncertainties about the chromophores studied here. Even the number of buried tyrosine groups exposed by RNase A unfolding at low pH is not known definitely (9, 10), and we have no information about the positions of steps in a sequence of unfolding reactions in which these buried groups (or group) are exposed. For this reason we have computed 0, the average extent of folding (8) , in the data given in Fig. 3 .
